Microstructure inhomogeneities can strongly influence the mechanical properties of advanced high-strength steels in a detrimental manner. This study of a transformation-induced plasticity (TRIP) steel investigates the effect of pre-existing contiguous grain boundary networks (CGBNs) of hard second-phases and shows how these develop into bands during tensile testing using in situ observations in conjunction with digital image correlation (DIC). The bands form by the lateral contraction of the soft ferrite matrix, which rotates and displaces the CGBNs of second-phases and the individual features within them to become aligned with the loading direction. The more extensive pre-existing CGBNs that were before the deformation already aligned with the loading direction are the most critical microstructural feature for damage initiation and propagation. They induce micro-void formation between the hard second-phases along them, which coalesce and develop into long macroscopic fissures. The hard phases, retained austenite and martensite, were not differentiated as it was found that the individual phases do not play a role in the formation of these bands. It is suggested that minimizing the presence of CGBNs of hard second-phases in the initial microstructure will increase the formability.
I. INTRODUCTION
TRANSFORMATION-INDUCED plasticity (TRIP) steels are one class of advanced high-strength steels (AHSS) that have been developed for applications in the automotive industry in recent years. [1, 2] Their combination of high strength and increased uniform and total elongation, even compared to dual-phase (DP) steels, enables the forming of complex-shaped components where stretchability is a key formability characteristic. Additionally, this combination of properties can enhance the energy absorption capacity, giving better crashworthiness and thus, improved passenger safety. However, this new class of material exhibits microstructural banding, a common detrimental microstructural feature found in many steel types. These bands in general consist of alloying addition (e.g., C, Mn) enriched microstructural constituents, usually pearlite or martensite, as layers parallel to the rolling plane.
They form as a consequence of the processing at both casting and rolling deformation stages. [3] This study, like others, shows that these bands have an important effect on mechanical properties. [4] [5] [6] There have been previous studies to investigate and control the formation of microstructural bands during processing. [7, 8] It has been reported that the thermomechanical processing required to avoid the formation of microstructural bands can be sometimes economically impractical [7] or physically impossible due to the thermodynamics and kinetics governing the formation of such bands. [8] Nevertheless, a better understanding of the effects of such bands on the microstructural behavior of TRIP steels can lead to the development of new processing routes aimed at improving the mechanical properties of these materials by optimizing the geometric characteristics of these bands. [3, 9] Furthermore, some optimizations can be realized through economically feasible thermomechanical processes. [3, 9] For example, it has been suggested that increasing the cooling rate during the hot rolling process leads to a significant decrease of martensite banding in the microstructure of dual-phase steels for sheets used in the automotive industry. [9] The influence of microstructural bands on the global material behavior of banded and un-banded microstructures has been widely investigated in the literature with differing conclusions. The effect of such bands on local deformation and damage has been reported to be both detrimental and beneficial. [4, 5, [10] [11] [12] [13] A comparative study of two TRIP steels concluded that microstructure banding was in fact beneficial in that it resulted in ductile fracture, although it did not improve the tensile elongation. [6] A direct comparison, however, is not straightforward as several parameters differ between the respective materials investigated, such as grain size and distribution, phase content, and inclusion morphology. [10, 11] There is therefore a need for better understanding of the effect of banding on local deformation and damage mechanisms that affect the overall mechanical performance of AHSSs.
Digital image correlation (DIC) is a technique that has been widely used as a tool to quantify the deformation at the microstructural level in advanced highstrength steels and its effect on damage. [14] [15] [16] [17] Several studies have been reported where in situ mechanical testing was conducted in a scanning electron microscope (SEM) for DP600 and DP1000 steel series. [14] [15] [16] [17] Interrupted tensile testing at small displacement intervals enabled the capture of SEM micrographs to measure strain distributions at the scale of the individual grains and phases by correlating the various images. In a recent study, the DIC technique was employed to study the effect of microstructural banding in DP600 steels. [18] The study showed that certain limitations of the conventionally used experimental techniques, such as postmortem metallographic studies, can be overcome by an in situ approach where the mechanisms that lead to damage in such bands can be captured during tensile testing. This study revealed the detrimental effect of such bands on the micromechanical behavior of DP600 steel.
In contrast to DP steels, there is limited information and understanding of the micromechanical behavior of TRIP steels. This is partly due to there being no direct observations on the effect of microstructural bands on the micromechanical behavior of these materials. In this study, in situ micromechanical testing combined with DIC and fracture surface analysis is carried out to provide new insights into the influence of microstructural bands on the local deformation and damage mechanisms in the microstructure of TRIP steels. Unlike other studies which are usually focused on evaluating the influence of the major strain component, the minor strain distribution and evolution are also analyzed in this work in order to identify the effect of lateral contraction on the formation of microstructural bands. One of the key findings is that banding of the second-phases in the microstructure, even if it is not initially present, may be inevitable due to the inhomogeneous deformation of these steels.
II. EXPERIMENTAL PROCEDURE
A TRIP800 steel with an ultimate tensile strength (UTS) of 800 MPa was studied in this work. The specimens were mechanically polished to 1 lm and etched in 0.5 pct Nital solution to reveal the microstructure for SEM analysis. For EBSD analysis, to identify the distribution of retained austenite in the matrix, the specimens were mechanically polished down to 0.01 lm and then electropolished with A2 electrolyte (42 V, 20 seconds and a temperature of 8°C). [19] The face-centered cubic (FCC) retained austenite was differentiated from the body-centered cubic (BCC) crystal structure of ferrite, bainite, and martensite (note that the tetragonal BC structure of the latter was indistinguishable from the BCC).
Tensile specimens were machined, from as-received 1-mm-thick sheets, using electro-discharge wire erosion machining to minimize the effects of conventional machining on the original microstructure. The sample geometry, shown in Figure 1 , has a nominal gauge area of 2 mm 9 2 mm.
Micro-tensile testing was performed using a 5 kN Deben testing stage inside a CamScan SEM with a crosshead speed of 1.6 lm/sec. The tensile tests were interrupted after every 0.04 mm displacement increment and after the elastic stress relaxation, micrographs of the deformed microstructure were recorded. Local displacement and strain values were computed by means of DIC as explained in Reference 14. Relatively low magnification analysis (1700 times) was used in order to evaluate the effect of large microstructural defects such as microstructural bands. The micrographs were analyzed using the commercial image analysis software, DaVis 7.2 by LaVision, [20] to determine the in-plane displacement field from which the plastic strain values were calculated. The microstructural features of the material have been directly used as patterns to perform image correlation between two successive loading steps. Micrographs of 62 lm 9 47 lm areas were used for the DIC analysis. Based on a sensitivity analysis of the grid size, a subset size of 16 9 16 pixels was selected for all the experimental results presented in this study. A multi-pass algorithm [20] leading to a 1.8 lm 9 1.8 lm final interrogation window with 25 pct overlap between the windows has been used to ensure successful correlation. A displacement accuracy of 0.01 pixels was obtained with a strain resolution of about 0.1 pct. [20] III. RESULTS
A. Chemical Composition and Microstructural Analysis
The chemical composition of the Si-alloyed TRIP800 is shown in Table I and the as-received microstructure and BCC-FCC phase distribution are shown in Figures 2(a) and (b) , respectively. The retained austenite and martensite are further referred to as hard phases and are not differentiated in this study as the formation of the microstructural bands was independent of their individual micromechanical behavior. Similarly, the ferrite is not distinguished from any bainite that was present, but this may need to be investigated in a future study. Both micrographs show that there is a homogeneous distribution of hard phases in the as-received material, when viewed from the normal direction (ND). The banded microstructure of this material that was inherited from processing is not visible in this cross section, but is more apparent when viewed from either the transverse (TD) or rolling direction (RD). Note also in Figure 2 (a), the mixed morphology of the hard phases ranges from blocks to laths. Figure 3 shows the stress-strain curve derived from the load-displacement measurements recorded during in situ tensile testing. It shows the macroscopic mechanical behavior of the specimen, with the drops in the curve being due to the elastic stress relaxation when the interruptions were made to take micrographs. The stress-strain response is typical for a TRIP800 with continuous yielding beginning at approximately 500 MPa and work hardening through to the macroscopic stress magnitude of about 800 MPa. Thereafter, necking starts, but due to the relatively slow strain rate and relatively small gauge length, there is a relatively extensive post-uniform elongation region present. While the strength values correspond to a TRIP800, the strains at which necking began and the total elongation do not. The behavior up to maximum load should not be interpreted as uniform strain as in a conventional tensile test. This is because of the non-standard sample geometry that was designed to localize the deformation, such that necking and fracture would occur at a specific position to enable a series of observations at high magnifications. The observations in the text refer to the major strains (e yy ) calculated from the crosshead extension (corrected for instrument compliance) and a gauge length of 2 mm.
B. Stress-Strain Curve

C. Digital Image Correlation Results
In most published studies on micromechanical testing, the major strains are quantified and analyzed. [14] [15] [16] [17] In this study, the minor strain (e xx ) component is first evaluated in order to assess the lateral contraction of the soft ferrite phase and its effect on the formation of microstructural bands during tensile loading. The major strains (e yy ) are then analyzed to investigate the distribution of major strains along the hard second-phase bands. The mechanical behavior of the individual hard microstructural constituents is not analyzed in this work, as the focus of this study is to understand the mechanisms that influence the formation of microstructural bands. Figure 4a shows the selected region for the undeformed sample prior to tensile testing. The loading direction, x-and y-axis are also indicated. Three large ferritic regions are highlighted with red broken lines in Figure 4 (a). Figure 4 (b) shows the same region after an applied strain of 0.34, which corresponds to the early stage of plastic deformation, Figure 3 . Figure 4 (c) shows the corresponding DIC-measured minor strain (e xx ) distribution over the area of Figure 4 (b). The strain map shows that the ferritic regions have experienced significant compressive strains along the horizontal (x-) axis. The deformation of the ferrite grains along the loading y-axis is accompanied by extensive lateral contraction corresponding to an e xx strain magnitude on the order of 0.11. It has also been shown in other studies [14] [15] [16] [17] that plastic deformation initiates at ferrite grains in multi-phase advanced high-strength steels.
Minor strains (e xx )
The ferritic regions are adjacent to small islands of hard microstructural constituents. The neighboring hard second-phase islands locally diminish the minor compressive strains. The minor strains are between |0.1| and |0.12| (negative in sign) within the ferritic regions, while in the neighboring hard microstructural constituents, they are between 0 and |0.02| (positive in sign). The hard phases, therefore, exhibit minor strain magnitudes 6 times lower than the ferrite matrix. The highest major strains are expected to occur where the lowest lateral contraction is observed in Figure 4c .
At a higher applied strain (e yy = 0.59), the compressive strains in the horizontal direction, resulting from the lateral contraction normal to the tensile axis, increase in the ferrite matrix from |0.15| in Figure 4 (c) to |0.24| in Figure 4 Figures 4(d) through (g) show that the strain patterns in region 1 and 2 are being disrupted by the presence of small hard phases at the yellow-arrowed regions. The presence of hard second-phases terminates and/or diverts the minor strain fields. In these two cases, the hard phases lie at a location and orientation that restricts plastic deformation along the loading axis and therefore, locally reduce the minor compressive strains in Figures 4(d) through (g).
Upon the initial stages of necking (e yy = 0.97; Figures 4(f) and (g)) and more evidently, just before final failure, in Figures 4(h) and (i), three laterally contracted regions highlighted in red appear as bands aligned next to networks of hard second-phases and almost parallel to the loading direction. The bright features in Figure 4 (h) correspond (in most cases) to the interfaces of the ferrite matrix with the hard second-phases and indicate large out-of-plane deformations. It can also be observed that the ferrite matrix has re-aligned the hard phases, creating aligned bands of second-phase islands adjacent to the ferritic regions and parallel to the loading direction. High strain gradients for the minor strain component occur in the neighborhood of these bands along the horizontal direction (minor strain axis) in Figure 4 (i). Figure 4 (i) shows that the zones of soft ferritic matrix experience high lateral contraction (À) in between regions with near-zero compressive strains. The variation in the local strain magnitudes in the horizontal direction indicates localized and banded material flow with the highly compressed soft ferritic regions aligned next to near-zero compression bands of hard second-phases. Figure 5 shows the major strain map corresponding to the micrograph of Figure 4 (h) at an applied strain of e yy = 1.2 just before final fracture. Based on a simple measurement of the elongation of ferrite region in region 2 between Figures 4(a) and (h), the tensile strain value is about 150 pct and therefore, local strain values up to 220 pct seen in Figure 5 are not surprising. Similarly, for the transverse compressive strain, the wider part of region 2 gives À 38 pct while the strain map using DIC shows about À 40 pct at that particular location (light blue color on the scale of Figure 4 (i)).
Major strains (eyy)
The same regions highlighted in red in Figure 4 (h) are outlined in Figure 5 . A comparison between Figures 4(i) and 5 shows that the evolution of mechanisms involved in the formation of microstructural bands during tensile loading is better revealed by evaluating the minor strain component. The major strain distribution map does not show any indications of banded material flow.
The highest major strains were measured within or adjacent to the microstructural bands highlighted in Figure 5 . Such high strains cannot be accommodated by the hard second-phases. The two magnified insets show micro-void nucleation at the neighborhood of the hard phases, accompanied by slip band formation in the neighboring ferrite matrix (indicated by yellow arrow). Local softening occurs upon the formation of microvoids at the red-arrowed locations within the two enlarged areas in the insets. It should be noted that strain values calculated through DIC in regions of the microstructure where damage appears during deformation are inaccurate and can only be considered qualitatively due to a local loss of correlation, associated with a sudden change of contrast in the interrogation window at the damage location. The algorithm used by the DaVis software to return a strain value at these locations is unknown. There are, however, regions of very high strains where voids nucleated, separated by low-strained, undamaged regions along the red-outlined areas. Figure 5 reveals that the gradients for the major strain component are larger along the contiguous bands of hard second-phases. These large (major) strain gradients suggest that the alignment of the soft ferrite matrix adjacent to the contiguous bands of hard second-phases leads to localized damage at specific sites in between the hard phases along these bands.
D. Mid-plane Analysis
The fractured specimens, shown schematically in Figure 6 (a), were sectioned along the mid-plane (black-dotted line) relative to the specimen width. The ND-RD plane of the cut samples was metallographically polished and etched with 0.5 pct Nital solution. An undeformed and a heavily deformed region of the sample (region A and B, respectively, in Figure 6 (b)) were selected and analyzed using SEM imaging to evaluate the effect of tensile loading on the formation of microstructural bands in a conventional post-mortem approach.
In the as-received microstructure (Region A) shown in Figure 6 (c), the hard second-phases decorate the ferrite grain boundaries and in many cases form contiguous networks, as highlighted by the red arrows. These features become even more apparent with deformation as shown in Figures 6(d) and (e). In this type of microstructural band, it is not simply the hard second-phases that are aligned, but the ferrite grain boundaries that they lie upon are as well.
The undeformed microstructure also exhibits equiaxed ferrite grains (delineated by the grain boundary networks), but near the fracture surface they become significantly elongated along the loading direction (i.e., RD) and compressed in the normal direction. In the heavily deformed region near the fracture surface (region B) shown in Figures 6(d) , (e) and (f), many of the grain boundary networks have become aligned with the load axis, along with the individual lath-shaped (possibly plates in cross section) hard second-phases, to form bands with an interspacing of 2 to 5 lm.
Large voids ranging 5 to 15 lm in size are clearly visible in Figure 6 (d). They are all associated with oxide inclusions that will be described further in the next section on the fractography. Otherwise, it is remarkable how damage tolerant the majority of the contiguous grain boundary networks (CGBNs) are on the basis of the lack of visible voids, especially with the obvious high levels of ferrite deformation that have occurred. Some voids are present in the constrained ferrite between the hard phases, but the majority are along certain grain boundary networks. These voids are indicated by arrows in Figures 6(e) and (f) , which show the CGBN in the deformed microstructure at higher magnification. Figure 6 (c) shows that in the as-received microstructure (Region A) there are pre-existing horizontal CGBNs that extend over the whole width of the micrograph, indicated by red arrows. The initial spacing between these microstructural bands is approximately 40 to 70 lm, but in the heavily deformed part of the specimen these features become approximately 10 lm apart, as shown in Figure 6 (d). These CGBNs lie parallel to the loading direction and develop a large number of voids along them, even up to 100 micrometers away from to the fracture surface. Figure 6f shows that these CGBNs correspond to the fissures extending from the fracture surface, where the crack appears to propagate along the hard second-phases and the adjacent ferrite matrix. E. Fracture Surface Analysis SEM micrographs of the fracture surface of the sample are shown in Figure 7 . The most obvious features seen in the lower magnification image (Figure 7(a) ) are the fissures aligned with the transverse direction. Some of these appear quite deep (indicated by white arrows) and several of them extend over the whole sample width (2 mm). The spacing in the thickness direction between them varies from 40 to 100 lm. In between the larger fissures, there is also a parallel arrangement in surface topography giving the impression of layers aligned to the rolling plane (Figures 7(d)  through (f) ). These have a spacing of about 5 lm, which notably corresponds approximately to that of the microstructural bands of hard phases in region of fracture shown in Figure 6 . Some of these linear features are smaller fissures that are visible at higher magnifications.
At the higher magnification (Figures 7(b) through (e)), it is clear that the fracture surface consists of It is not possible to identify or distinguish on the fracture surface the ferrite matrix and the hard phase islands. It can be reasonably assumed that all of the austenite in this TRIP near the rupture has transformed into high-carbon martensite. One might expect that this microstructure constituent would be recognizable on the surface as regions of classical transgranular brittle fracture with the characteristic flat facets exhibiting river-lines. However, no such regions could be found in this fracture surface.
It is shown in Figures 7(d) and (e) that there are regions of the surface that are relatively smooth and free of dimples within (red arrows) and adjacent (white arrows) to the large fissures. Some studies have interpreted such regions as brittle or cleavage failure. [21] [22] [23] However, the non-planar topography of these regions is more indicative of shear-band failure or ductile tearing at a crack tip. Such regions are indicated by X in the enlarged region of Figure 7 (e).
The only obviously brittle topographic features were observed in some smaller fissures like that shown in Figure 7 (g). Some of these are also visible lying on the dimple-free regions in Figure 7 (e), but they are present in insufficiently high number density to be responsible for the whole fissure. These are thin plates several tens to hundreds of nanometers thick. EDX analyses showed S, , showing them to be sulfide inclusions (MnS/CuS). Such features are also ubiquitous in steels, especially those with relatively high Mn-levels and are thin (Mn,Cu)S stringers. EDX maps were made of some regions at the fissures such as that shown in Figures 8(e) through (g) . These showed that while the presence of S always correlated to presence of Mn, there were some regions where only Mn was measured. This may be a consequence of the rough topography of the fracture surface interfering with the detection of a light element such as S.
In summary, there are three main features: ductile dimples within the matrix, micro-voids containing inclusions (Figures 7(b) , (c), and (g)), and fissures at the white-arrowed locations, extending into the sample from the fracture surface. 
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IV. DISCUSSION
While microstructure banding is a common feature of steels, the TRIP800 material studied here had initially a relatively homogeneous distribution of second-phase, albeit along the ferrite grain boundaries. The only feature resembling the classical type of banding was a more subtle structure described here as horizontal continuous grain boundary networks (CGBNs), highlighted in Figure 6 (c). CGBNs are probably like conventional microstructure bands; in that, they are a consequence of chemical segregation in combination with the elongated austenitic grain morphology produced in hot-rolling and annealing stages. In both the in situ and post-mortem observations taken from different directions, the distribution of hard second-phases became so inhomogeneous with deformation that it could be described as banding. The importance of the horizontal CGBNs that were originally present is made apparent by their correlation to the fracture surface topography, which is a post-mortem aspect of this study. However, it is the in situ experiments that give insights to how and why these features have developed during the deformation and these results will be discussed first.
A. Strain Evolution at the Microstructural Level
The Digital Image Correlation results shown in Figure 4 reveal that the material forms macroscopic bands of hard second-phases during tensile loading. This is in agreement with the observations made in Figure 6 , where the spacing between microstructural bands decreases due to the contraction of the sample in the thickness direction (i.e., ND).
Evaluation of the distribution and evolution for the minor strain component reveals that the mechanism of formation of these hard phase zones is primarily the lateral contraction of the soft ferrite phase (Figure 4) . High compressive strains for the minor strain component are initially distributed within the ferritic regions (Figures 4(b) and (c) ). This is also found in other studies where the highest major strains are measured within the soft ferrite matrix. [14] [15] [16] [17] These regions of high compressive straining spread to neighboring regions along the loading direction by rotating and aligning the hard phases adjacent to the large ferrite grains as shown in Figures 4(b) through (i) . More specifically, the strain patterns in regions 1 and 2 of Figure 4 (c) are interrupted at the arrowed locations due to the presence of relatively large hard phase islands in line with the large ferrite regions. In order to accommodate plastic deformation and circumvent the hard phases impeding the further deformation of the ferrite matrix, the compressive strains divert towards different directions. This is favored by the formation of slip bands in the soft ferrite matrix at angles close to 45 deg with respect to the loading axis. Just before final failure, the soft ferrite matrix has displaced the hard phases and the minor strain fields have become aligned almost parallel to the loading direction in Figure 4 (i). It is suggested here that diverting the local strain fields is beneficial for the alloy, as more energy would be required to align the hard islands parallel to the loading direction, delaying further the onset of damage nucleation. Distributing the hard second-phases evenly within the matrix, not just along grain boundaries, but also within the interior of the ferrite grains, can increase the deformability of the alloy in tension.
At the last stage of the test, the regions of high compressive strains in Figure 4 (i) extend throughout the whole microstructural region in the loading direction. A 'banded material flow' can thus be transferred to much larger distances with respect to the local scale of the micrograph (50 lm length) of Figure 4 (i). This is in agreement with the findings from the mid-plane analysis of Figure 6(d) , where it is shown that the hard phase bands have voids as far as 100 lm from the fracture surface. It was observed (Figure 4(i) ) that along the horizontal axis, the strains were near-zero (0) along the hard second-phase bands, highly negative (À) along the soft ferrite matrix and again near-zero (0). The observations suggest the occurrence of localized plastic flow along the soft ferrite bands in contrast to the restricted deformation of the hard phase bands. Comparing the two strain maps of Figures 4(c) and (i) , at the first stages of plastic deformation the strain patterns appear more evenly distributed over the microstructure, while just before failure there is a well-defined strain distribution of compression-tension-compression alterations parallel to the loading axis. This is better illustrated in Figure 9 , where the evolution of the minor strains along a line on the DIC strain map in Figure 9 (a) was obtained at four different stages of the test. The evolution of the minor strains is shown at four stages during the test in Figure 9 (b); just after yielding (0.1), during work hardening (0.35), at UTS point (0.84) and just before failure (1.25) . Even at the first stages of plastic deformation, the material has started forming microstructural bands. Most of the microstructural rearrangements occur during plastic deformation up to the UTS point. Consequently, it is during work hardening that the material forms these bands by redistributing the phases in the matrix. This can be seen by the considerable increase of the compressive strains between the yield point and UTS point. It is suggested here that an optimization of the distribution of the hard phases in the matrix could potentially increase the deformation capability of the alloy. The tendency to form microstructural bands of hard second-phases could, in turn, be reduced, even from the first stages of plastic deformation.
Further plastic deformation of the soft ferritic regions leads to damage nucleation in between the hard phases and at the adjacent second-phase bands. The voids that formed in between these hard second-phases have an average spacing of 5 to 15 microns between them along each band (Figure 6(d) ). There is a sequence of damaged and undamaged regions along each band. This is in agreement with the major strain distributions measured in Figure 5 . Alternating regions of high and low major strains can be seen along and adjacent to the hard phase bands ( Figure 5 ). This is due to the fact that regions of high strain localizations and micro-void nucleation are interrupted by relatively low-strained undamaged regions. It is noted here the much higher maximum tensile strain values recorded on the strain map (220 pct) in Figure 5 in comparison to maximum values up to 130 pct in DP steels recorded in other studies. [16, 24] The higher local major strains of this TRIP steel can be related to the formation of the microstructural bands and the extensive shape changes that take place within the soft ferritic regions (Figures 4(b) , (d), (f), and (h)).
Comparing Figures 4 and 5 for the minor and major strain maps, it can be concluded that the latter does not reveal the banded material flow. The major strain distribution is similar to the strain maps shown in other studies on DP steels, [14] [15] [16] [17] where the high major strains are oriented at an angle (close to 45 deg) with respect to the loading direction due to localized slip and shear bands.
In summary, the sequence of deformation and damage nucleation mechanisms, with reference to the macroscopic stress-strain curve, is as follows:
1. During the first stages of macroscopic plastic deformation, the ferrite matrix deforms and in particular elongates in a way that aligns the grain boundary networks of second-phases to the loading direction. 2. At the latter stages of work-hardening, the ferrite regions rotate along with the hard phases adjacent to them, in order to achieve further plastic deformation, which results in alternating bands of ferrite and hard second-phase. The DIC observations in Figure 4 suggest that the alignment of the hard phases adjacent to the large ferrite grains facilitates plastic deformation in the ferritic matrix as there are no hard phases restricting plastic slip. 3. In the post-uniform stages, further stretching-straining of the ferrite between the hard second-phases leads to damage nucleation (voids) within the band, primarily occurring between co-joined hard second-phase islands.
B. Correlation to Mid-plane & Fracture Surface Analyses
The in situ experiments in conjunction with DIC measurements were all based on observations of the rolling plane (TD-RD), but the post-mortem observations of the longitudinal cross section (ND-RD) also revealed microstructural banding. Some of this was already present before deformation, as seen in the undeformed part of the sample (Figure 6(c) ) as horizontal CGBNs that probably formed during the thermomechanical processing of the material. [18] However, by comparing the undeformed microstructure (region A) with that of the heavily deformed (region B) in Figure 6 , the majority of this banding developed as a consequence of the deformation mechanisms described in the previous section.
The CGBNs of hard second-phases play a critical role in damage nucleation and evolution. The voids shown in Figure 6 (d) suggest that damage can be transferred along them, but it is the longer horizontal networks that were already exiting in the as-received material that are critical. These are already aligned with the loading axis and are the first to nucleate micro-voids as the adjacent ferrite matrix elongates. The early failure of these regions is revealed by voids observed along them as far as 100 lm from the fracture surface. This again is in accordance with the observations from DIC, where the highly strained zones were found to extend over the whole microstructural region in Figure 4 (i), a length of approximately 50 lm.
The low-magnification micrograph of the fracture surface shows that there was an array of features aligned with TD with a spacing of about 5 lm. This corresponds to the band interspacing of the re-aligned CGBNs at the deformation level near the fracture surface. On the basis of the width of the larger fissures that extend hundreds of micrometers to even almost the whole of the sample (Figure 7(a) ), it seems more likely that the pre-existing horizontal CGBNs are responsible as opposed to inclusions. However, while the majority of inclusions were globular in shape, some were thin plates that would be good initiation sites and propagation paths. Thinplate sulfide type inclusions were observed on some of the fissure surfaces, but since inclusions and CGBN's are related to alloying micro-segregation, the co-location of both is expected. Nevertheless, the inclusions and the (spherical) voids that formed around them at and near the fracture surface, were of the order of 5 to 15 lm and thus, the length scale of the fissures and fracture surface topography (hundreds of micrometers) correlate better to pre-existing CGBNs.
Adjacent to and within the fissures, the matrix is sheared at a direction close to 45 deg with respect to the load direction. This can be seen from the increasing ductile dimple asymmetry toward the fissures, which is indicative that the direction for the local highest strains (and strain vectors) is different from the load vector and is increasingly shear-like. This could be a result of the bands of hard phases changing the deformation mode of the intermediary ferritic matrix into localized plastic shear because of geometrical constrains.
The above post-mortem observations are taken from the ND-RD cross section (Section III-D) and the fracture surface (Section III-E), which is approximately a ND-TD plane view. The shear process was also observed in situ in the RD-ND plane view (Section III-C-1). In Figure 5 , it was found that next to the hard phase islands, slip bands formed at the yellow-arrowed location within the neighboring ferrite region, close to 45 deg with respect to the loading direction. The occurrence of damage nucleation is shown more evidently in the top part of Figure 5 , which shows micro-void nucleation in a network of small hard phases close to each other. Damage nucleation at the hard phase band is accompanied by deformation localization by slip band formation in the neighboring ferrite grain at an angle close to 45 deg with respect to the loading direction. It appears that damage nucleation within the network of hard phases is followed by shear deformation mechanisms within the neighboring ferrite matrix. This is due to the deformation mechanisms of the soft ferrite phase that occurs primarily by the formation of homogeneous plastic slip and inhomogeneous plastic strain localization due to slip band formation. The latter occurs at angles close to 45 deg angle with respect to the loading direction which decreases the size and number of dimples (Figure 7(d)) .
A key aspect of the mechanism described above is that it is predominantly the ferrite matrix that ultimately fails and propagates the final rupture and side fissures. This correlates to the absence of brittle features on the fracture surface, aside from inclusions, with the predominance of ductile dimple rupture in tensile or shear mode and localized shear failure in the fissures. There have been other fractography investigations of DP and TRIP steels that have observed regions of cleavage facets, [25] [26] [27] [28] [29] but also studies [30] [31] [32] [33] [34] [35] where the entire fracture surface consists of dimples. This study's observations correspond with those of the latter, such that either the ruptured martensite also exhibits ductile dimples or the fracture surface only results from the rupture of the ferrite matrix.
C. Summary
The damage initiation and evolution of the TRIP steel investigated are not fundamentally different to that of DP-steels. The first cracks and voids to form are associated with the hard phase in this TRIP steel, just as it is for DP-steels. Note that it is well established that in conventional TRIP steels, the majority of austenite transforms into martensite in the early stages of plastic deformation such that well before the UTS is reached, only a few volume percent remains. In the current study, aside from the initial microstructure, the microstructural observations start a few percent before the UTS. [36] [37] [38] No differential behavior was observed in different individual islands of hard phases and if austenite was present, it was not distinguishable in terms of deformation behavior. Nevertheless, while a detailed characterization of microstructure constituents is not given here, it would be a useful separate study in itself, like that performed in related material. [39, 40] Despite the hard phase forming an almost contiguous network around the ferrite grains, the vast majority of the deformation occurred in the relatively soft ferrite matrix phase. The ferrite elongates in the direction of the loading direction while contracting laterally and in the thickness direction, due to plastic incompressibility. The lateral contraction of the soft ferrite phase leads to the formation of microstructure bands of soft ferrite phase adjacent to bands of hard second-phases. This results in strain localization and void formation along the CGBNs, particular those that were already present in the starting microstructure and aligned with the load axis. Voids formed in the ferrite between the hard phases and by fracture of the individual islands within the CGBNs. Void formation along the CGBNs is due to two mechanisms: the extensive elongation that occurs in the neighboring large ferrite grains and the strain localization in between the hard phases. Deformation during these stages propagates at an angle close to 45 deg with respect to the loading axis towards the neighboring ferrite matrix.
In the final stages leading to fracture, the voids along CGBNs coalescence to form fissures. The deformation mode becomes increasingly of shear-mode that leads to localized slip failure. It is likely that the fissures grow to the point that ductile rupture occurs between them.
The damage and final rupture mechanism described above may explain the observations in another investigation of two TRIP steel materials with and without banding. It was concluded that banding of martensite leads to the presence of massive ferrite regions that were thought to be more easily deformable with respect to geometrically constrained ferritic regions confined by hard martensite islands in the steel with non-banded martensite morphology. [6] V. CONCLUSIONS In dual-phase microstructures consisting of a soft matrix and hard second-phases, banding may be inevitable due to the inhomogeneous deformation, even if it is not initially present. Only a subtle microstructural band of hard phases was observed in this as-received TRIP800, in the form of horizontal contiguous grain boundary networks, aligned with the rolling plane. Additional bands of hard phase and soft-phases aligned parallel to the loading direction developed during tensile deformation. This was a consequence of lateral contraction of the soft ferrite phase. The pre-existing contiguous grain boundary networks of hard second-phases were of greater importance to final fracture than inclusions. These bands were where the first voids nucleated and grew along them at sufficient densities to coalesce and develop into fissures that eventually led to final ductile rupture. It is suggested that minimizing the presence of CGBNs of hard second-phases in the initial microstructure will increase the formability.
